Projection neurons migrate from the ventricular zone to the neocortical plate during the development of the mouse brain. Their overall movement is radial, but they become multipolar and move nonradially in the intermediate zone. Here we show that Reelin, the Rap1 GTPase and N-cadherin (NCad) are important for multipolar neurons to polarize their migration toward the cortical plate. Inhibition and rescue experiments indicated that Reelin regulates migration through Rap1 and Akt, and that the Rap1-regulated GTPases RalA, RalB, Rac1 and Cdc42 are also involved. We found that Rap1 regulated the plasma membrane localization of NCad and NCad rescued radial polarization when Rap1 was inhibited. However, inhibition of Rap1 or NCad had little effect on glia-dependent locomotion. We propose a multistep mechanism in which Reelin activates Rap1, Rap1 upregulates NCad, and NCad is needed to orient cell migration.
a r t I C l e S
The mammalian neocortex is patterned by the coordinated migration of immature neurons 1 . Most neocortical projection neurons originate by asymmetric division of radial glia progenitors in the ventricular zone. They then move radially to the subventricular zone (SVZ) and lower intermediate zone, where they become multipolar. They dynami cally extend and retract multiple long projections and move in appar ently random directions [1] [2] [3] . Axonogenesis starts as cells approach the middle of the intermediate zone. After the axon emerges, the cells reorient their centrosomes and Golgi upwards, toward the develop ing cortical plate, and resume radial migration 4 . As they move to the upper part of the intermediate zone, their morphology changes from multipolar to bipolar. Bipolar cells have a thick, radially oriented lead ing process and a thin, trailing axon, and move by locomotion along the radially oriented processes of radial glia or other neurons 1, 5 .
The transition from multipolar to radial migration can be inhibited by many mutations and experimental manipulations, suggesting that it is a complex process 1 . Among the requirements are cytoskeletal regulators including dyneinassociated proteins and extracellular signals including semaphorin 3A, but little is known about how the signals are interpreted by the cell 1, 6, 7 .
In many cell types, cell orientation and polarity are controlled by local activation and global inhibition of signaling pathways that organ ize the cytoskeleton and direct vesicle traffic 8 . Positive feedback loops coordinated by small GTPases stabilize cell polarity in response to intracellular and extracellular cues. GTPases are molecular switches that are activated by guanine nucleotide exchange factors (GEFs) and inactivated by GTPase activating proteins (GAPs). The GTP state is active and binds to effector molecules. In yeast and leukocytes, the Rasrelated GTPase Rap provides a key nexus for activating other small GTPases, which in turn regulate the actin cytoskeleton and membrane traffic 8 . Rap proteins are also important for polarization of nonmotile cells; for example, for specifying the axonaldendritic polarity of cultured hippocampal neurons 9 and the apicalbasolateral polarity of epithelial cells 10 . However, the roles of Rap proteins in vivo in mam mals have been unclear, perhaps partly because of possible redundancy between the five Rap genes (Rap1A, 1B, 2A, 2B and 2C) 11 .
Here we have studied the role of Rap proteins in cortical develop ment and discovered a key role for Rap1 in polarizing radial migration of multipolar cells. Specifically, we found that Reelin, which is known for its role in neuron lamination in the cortical plate 1, 12 , activates Rap1 in multipolar neurons in the intermediate zone. In turn, Rap1 regulates neural cadherin (NCad or CDH2). NCad is a classical cad herin: a singlepass transmembrane receptor that regulates cellcell contact by calciumdependent homophilic binding 13 . We find that NCad is needed to orient the migration of multipolar cells toward the cortical plate. Our results suggest a multistep model for orienting the migration of cortical neurons in the intermediate zone.
RESULTS

Rap1 regulates migration into the upper intermediate zone
We monitored cortical development in vivo by electroporation of ven tricular zone progenitor cells with green fluorescent protein (GFP) 14 . We then observed the positions of daughter neurons at various times thereafter. Previous studies have shown that most cells in the lower intermediate zone and SVZ are multipolar, whereas most cells in the upper intermediate zone and cortical plate are bipolar, so we name these regions the multipolar migration zone (MMZ) and radial migra tion zone (RMZ), respectively [1] [2] [3] . Control neurons reach the MMZ a day after electroporation (embryonic day (E)15.5) and are still there a day later (E16.5; Supplementary Fig. 1 ). During the third day (E17.5), most of the neurons have passed into the RMZ, and some have reached the top of the cortical plate [1] [2] [3] .
To test the role of Rap proteins in this process, we expressed dominantnegative Rap1A 17N or Rap1GAP, which inhibits all Rap family members but not Ras 14 . Neurons in which Rap was inhibited reached the MMZ normally in the first day, but their movement into the a r t I C l e S RMZ on the third day was delayed ( Fig. 1a and Supplementary Fig. 1 ). The decrease in the proportion of cells in the RMZ was highly signifi cant ( Fig. 1b) . To test whether the defect was due to the inhibition of Rap activity in neurons or in other cells, we expressed Rap1GAP or dominantnegative Rap1A 17N from the NeuroD promoter, which is expressed only in postmitotic neurons ( Supplementary Fig. 2 ). Entry to the RMZ was inhibited ( Fig. 1b and Supplementary Fig. 3) , indicating that Rap is required in postmitotic neurons. Moreover, inhibition of entry to the RMZ by Rap1GAP or Rap1A 17N could be rescued by the coexpression of the active mutant Rap1A 63E in post mitotic neurons ( Fig. 1b) although the active form did not affect cell migration when expressed alone ( Supplementary Fig. 3 ). As a further control for specificity, we used short hairpin (sh)RNA to deplete the dynein regulator Lis1. Lis1 is needed for entry into the RMZ 7 , but the effects of its depletion were not rescued by Rap1A 63E (Fig. 1b) . Moreover, sequential electroporation of GFP followed by a mixture of cherry fluorescent protein (ChFP) and Rap1GAP showed that Rapinhibited cells do not affect the migration of control cells ( Fig. 1c) . To confirm our results, we knocked down Rap1A and Rap1B using specific shRNAs. Knockdown of Rap1A or both Rap1A and Rap1B gave a similar phenotype to that caused by Rap1GAP, whereas Rap1B had less effect ( Supplementary Fig. 3a,b) . We confirmed the specificity of Rap1A shRNA by the rescue of the phenotype when we coexpressed a nontargetable Rap1A cDNA ( Supplementary Fig. 3b ). Further controls showed that Rap1 inhibition did not detectably affect Pax6 + apical progenitor cells, Nestin + radial glia fibers, Tbr2 + basal progenitors in the SVZ, Cux1 + neuronal fate, cell proliferation or apoptosis (Supplementary Fig. 4) . These results show that Rap1 family GTPases, principally Rap1A, have a cellautonomous role in regulating the exit of neurons from the MMZ.
Rap1 orients the migration of multipolar neurons
We reasoned that Rap1 might be needed before the start of radial migra tion. We first checked the morphology of control and Rapinhibited cells. Two days after electroporation, most control neurons in the lower part of the RMZ, close to the transition zone, had bipolar morpho logy (90.0 ± 2%; mean ± s.e.m.) but most Rapinhibited neurons were multipolar (10.5 ± 0.5% with bipolar morphology; Fig. 2a ). We then examined the orientation of the Golgi apparatus in multipolar cells in the upper MMZ by staining for the Golgi protein GM130. After control electroporation, most upper MMZ neurons had their Golgi apparatus oriented toward the cortical plate, but the Golgi was disoriented if Rap was inhibited ( Fig. 2b) . We then tracked the movement of multi polar neurons in the upper MMZ using timelapse videomicroscopy (Supplementary Movie 1). Most of the multipolar neurons in this region of control cortex moved upwards toward the cortical plate (91.1 ± 1.1%; Supplementary Movie 1), and only a minority moved randomly (typical paths shown in Fig. 2c ). By contrast, most Rapinhibited neurons moved in random directions (Supplementary Movie 1) with only 38.7 ± 1.2% migrating toward the cortical plate. Rap1 inhi bition did not affect the speed of multipolar migration (Fig. 2d) . These results suggest that Rap1 activity is needed for multipolar cells to orient their migration toward the cortical plate. Neurons in which Rap1 was inhibited or knocked down still extended axons ( Supplementary  Fig. 5 ), suggesting that inhibition of Rap1 does not prevent cortical axonogenesis in vivo. This contrasts with the requirement for Rap1B for hippocampal axonogenesis in vitro 9 . However, we cannot rule out the possibilities that residual Rap activity might be sufficient for axonogenesis in vivo or that the requirement for Rap might differ depending on cell type or in vivo versus in vitro system.
The requirement of Rap1 for migration was not absolute. Populations of cells that expressed Rap1GAP or Rap1A 17N were migrating through the cortical plate with bipolar morphology by 5 d after electroporation ( Supplementary Fig. 6a ). These cells were not normal, as they did not form an apical dendritic tree at the top of the cortical plate ( Supplementary Fig. 6b ). This implies that cells may be capable of locomotion despite low Rap activity. Indeed, timelapse videomicroscopy of the RMZ at E16.5 showed that control and Rap inhibited cells migrated at similar speeds ( Fig. 2d and Supplementary Movie 2). To further test whether Rap1 is required for neuron migra tion, we dissociated E15.5 cerebral cortex, electroporated the cells with GFP and Rap1GAP or vector, and measured their migration on lattices comprised of radial glia and neuronal processes, similar to the substrate they encounter in vivo 15 . Control and Rap1GAP expressing cells migrated equally ( Fig. 2d and Supplementary Movie 3). As shown below, Rap1GAP inhibits Rap1 in these cells. Together, these results suggest that Rap1 is transiently involved in the orientation of multipolar migration in the intermediate zone, but is unimportant for radial migration through the cortical plate.
Rap1 regulates N-cadherin localization in cortical neurons
In many types of cell, Rap1 regulates traffic between endosomes and the plasma membrane 16 . We detected epitopetagged Rap1A on both endosomes and the plasma membrane of electroporated neurons a r t I C l e S in vivo (Supplementary Fig. 7a ). Therefore we considered the pos sibility that Rap1 might regulate cell orientation by controlling the cell surface expression of membrane proteins that sense the environment. In other cell types, Rap1 regulates membrane proteins of the integrin and classical cadherin families 11, 17, 18 . The role of integrins in neuronal migration has been studied before and is still unclear 19 . Therefore we tested whether cadherins might be involved in neuron migration. We focused on NCad because it is expressed throughout the developing cortex, including the region in which radial migration starts (see below).
To test whether Rap1 regulates the expression of NCad on cell sur faces in vivo we introduced HAtagged, fulllength, wildtype NCad (NCad WT HA) by in utero electroporation together with control vector or Rap1GAP. We detected NCad WT HA on the plasma membrane and internal compartments under both conditions, but the amount on the membrane was relatively decreased when Rap1GAP was expressed ( Fig. 3a,b) . To test whether the localization of endogenous NCad is regulated by Rap1, we electroporated embryonic cortical neurons with GFP and Rap1GAP or vector and examined the cells by immunofluo rescence. Although endogenous NCad localized to the plasma mem brane of control cells, it was primarily in a perinuclear structure in Rap1GAPexpressing cells (Fig. 3c) . To test whether Rap1 modulates functional NCad on the cell surface, we measured the homophilic adhesion of electroporated neurons to surfaces coated with the NCad extracellular domain (NCadFc). We counted GFP + adherent cells that expressed the neuron marker MAP2 (Supplementary Fig. 8 ).
Although control neurons bound to NCadFc or control polyd lysine (PDL), Rap1GAP specifically inhibited the binding of neurons to NCadFc (Fig. 3d) . As a control, the active form of Rap1A was able to rescue the binding defect ( Supplementary Fig. 9a ). Rap1GAP also inhibited neurite extension on NCadFc but not PDL (Fig. 3e) . These phenotypes depended on NCad, as overexpression of fulllength, wildtype NCad WT rescued binding and neuritogenesis by Rap1GAP expressing cells on NCadFc (Fig. 3d,e ). To inhibit cadherin func tion we used a mutant NCad DN that lacked most of the extracellular domain. Similar mutants have been used in other studies 20, 21 , and induce internalization of endogenous cadherins 22 . As expected, (Fig. 3d,e) . These results suggest that Rap1 activity main tains functional cadherins on the cell surface of neurons in vivo and in vitro. However these data do not show whether the primary effect is on endocytosis, exocytosis or the overall level of NCad. Several Rap effectors regulate cadherins in other systems. The Rap1 effector Vav2 and its substrate GTPase Cdc42 inhibit endocytosis of ECad 23 , whereas the Rap1 effector RalGDS activates RalA, which docks secretory vesicles to the exocyst complex and recycles ECad to epithe lial cellcell junctions 24 . As a preliminary test of which Rap effectors regulate NCad in multipolar neurons, we performed in utero electro poration with GTPase binding domains from NWASP, POSH and Sec5, which are semispecific inhibitors of Cdc42, Rac1 and RalA/B, respectively 25, 26 . Each of these proteins partially inhibited entry into the RMZ, suggesting that it requires both Rac1Cdc42 and RalA/B activity (Supplementary Fig. 9b ). To further confirm the involvement of Ral enzymes in cortical development, we knocked down RalA and RalB separately using shRNA. Knockdown of either RalA or RalB inhibited RMZ entry. Inhibition of RalA or RalB was rescued by human RalA or RalB, respectively (Supplementary Fig. 9b ). This suggests that both Ral proteins have an important role in this process. Activated Rap1A 63E did not overcome inhibition by the POSH binding domain, suggesting that Rap1 is upstream of or parallel to Rac1 (Supplementary Fig. 9b ). We then tested whether activated Vav2, RalA, RalB, Cdc42 and Rac1 could rescue entry into the RMZ by Rapinhibited neurons. Vav2 produced almost complete rescue, whereas each of the small GTPases individu ally allowed partial rescue without affecting migration when electropo rated alone (Supplementary Fig. 9c,d) . Inhibition of Ral enzymes also affected the presence of wildtype NCadHA at the plasma membrane ( Supplementary Fig. 9e) . Moreover, the active form of Vav2 was able to rescue the NCadbinding defect of neurons in which Rap was inhibited (Supplementary Fig. 9a) . These results suggest that RalA/B and Rac1 Cdc42 regulate NCad traffic and that Rap1 might regulate localization of NCad to the membrane by several mechanisms.
Cadherins regulate radial orientation of multipolar neurons
We next used in utero electroporation of NCad DN to test whether cad herins regulate multipolar neuron migration. Expression of NCad DN in progenitor cells using the ubiquitous CAG promoter disrupted αcatenin + apical junctions and Nestin + radial glia (Fig. 4a) , as expected 27 . However, expression of NCad DN in postmitotic neurons from the NeuroD promoter inhibited the appearance of multipolar neurons in the RMZ (Fig. 4b,c ) without affecting apical junctions or radial glia (Fig. 4b) . A mutant NCad DN (NCad DN AAA) that binds αcatenin and βcatenin but not p120Ctn (ref. 28) did not inhibit neuron movement, consistent with the idea that p120Ctn regulates cadherin traffic 22 , which suggests that α and βcatenin are not needed, or are not limiting, for NCad function (Fig. 4c) .
More detailed study revealed further similarities between cells in which Rap was inhibited and cells in which NCad was inhibited. NCad DN expressing cells in the upper transition zone between the MMZ and the RMZ retained multipolar morphology (only 21.1 ± 1.1% showed bipolar morphology; Fig. 4d ), Golgi orientation was impaired (Fig. 4e) , and multipolar neuron migration was disoriented, although the speed was unaffected ( Fig. 4e-g) . Moreover, like Rap inhibitors, NCad DN did not affect the speed of migration of bipolar neurons in the cortical plate or of bipolar neurons migrating in lattice culture (Fig. 4g) . a r t I C l e S Fulllength NCad WT partly rescued the migration of Rapinhibited neurons (Fig. 4h,i) . Together, these results suggest that Rap1 and NCad are on the same signaling pathway, with Rap1 regulating cellsurface localization of NCad. Immunofluorescence microscopy showed that, like HARap1A 63E (Supplementary Fig. 7a) , NCad WT HA is present on the surface and in a perinuclear compartment ( Supplementary  Fig. 7b ). We therefore suggest that Rap1 might regulate the presence of NCad on the cell surface, and NCad might be responsible for ori enting the migration of multipolar cells out of the MMZ.
Reelin receptors regulate Rap1 and N-cadherin
The secreted signaling protein Reelin stimulates Rap1 in cultured neurons 29 . Reelin is secreted by CajalRetzius neurons above the top of the cortical plate, but Reelin cleavage products diffuse to the bottom of the cortical plate 30 . Furthermore, there is some evidence that Reelin affects neurons in the intermediate zone. First, migrating neurons downregulate their Reelin receptors when they reach the upper inter mediate zone 31 . Second, mutations in the Reelinresponse pathway inhibit exit from the intermediate zone 32, 33 . Moreover, we found that NCad protein levels were lower in the MMZ of Reelin mutants than wildtype controls (Fig. 5a,b) . We therefore tested whether Reelin was required for Rap1 activation at the time when multipolar neurons commence radial migration.
We prepared a dominantnegative mutant of one of the Reelin recep tors, very low density lipoprotein receptor (VLDLR), by deleting part of its cytoplasmic domain. We reasoned that this construct-VLDLR∆Cwould compete with endogenous Reelin receptors for Reelin but would not relay the intracellular signal. When VLDLR∆C was expressed from the CAG promoter by in utero electroporation, there was no detect able effect on Nestin + radial glia, but neurons expressing VLDLR∆C were delayed in the MMZ (Fig. 5c) . We tested whether VLDLR∆C was inhibiting the Reelin response by assaying the level of the intracellular Reelin signal mediator Dab1. Reelin stimulates the degradation of Dab1 by the ubiquitinproteasome system, and Dab1 levels are decreased when Reelin is present 34, 35 . Immunofluorescent staining showed that multipolar neurons expressing VLDLR∆C contained more Dab1 pro tein than corresponding control neurons, consistent with a reduced Reelin response in vivo (Fig. 5d) . We also tested whether VLDLR∆C inhibited Reelininduced activation of Rap1 by using a pulldown assay in dissociated neurons. VLDLR∆C inhibited Reelinstimulated activa tion of Rap1, similarly to Rap1GAP (Fig. 5e) .
To test the relationship between Reelin, Rap1 and NCad in MMZ neurons, we first tested whether we could rescue MMZ neurons with blocked Reelin receptors by expressing active Rap1A 63E . Indeed, Rap1A 63E partly rescued radial migration by Reelininhibited cells (Fig. 5f,g) . However, we achieved almost complete rescue by co expressing Rap1A 63E with the protein kinase Akt (Fig. 5f,g) , which is also involved in Reelin signaling 36, 37 . Akt alone had little effect when used at this level (Fig. 5f,g) even though overexpression of Akt WT could increase Akt signaling (Supplementary Fig. 10) . These results suggest that Reelin is important for regulating Rap1 and Akt in MMZ neurons. Second, we tested whether Reelin was involved in upregulation of NCad on the cell surface. Membrane levels of NCad WT HA were decreased in VLDLR∆Cexpressing cells in the multipolar zone (Fig. 5h) . Reeler mutant neurons form distinctive aggregates in culture 38 , and changes in neuronneuron interactions have been proposed to underlie the altered develop ment of the Reeler mutant neocortex 39 . Our results suggest that altered Rap1 and NCad levels may underlie these properties of Reeler mutant cortex. Supplementary Fig. 11) 41 . Like us, the authors found that NCad was required for neuron migration, but did not test whether NCad could overcome a block in migration caused by inhibiting recycling. Instead, they found that partial knockdown of NCad would rescue neurons in which endocytosis of NCad was blocked by knockdown of Rab5. This suggests that excess surface NCad inhibits migration. We agree, in that high level overexpression of NCad blocks neurons in the multipolar zone. However, we also found that expression of NCad at lower levels, too low to cause a phenotype alone, could rescue Rap1inhibited neurons. Our results suggest a chain of causality, with Rap1 increasing surface NCad on multipolar cells so that the cells can sense directional signals in the environment. We also identified Reelin as an extracellular signal that regulates NCad surface localization.
We used Rap1GAP, NCad DN and VLDLR∆C to interfere with Rap1, NCad and Reelin receptors, respectively. This allowed us to manipulate signaling in postmitotic neurons specifically and to regulate groups of paralogs simultaneously, but raises concerns about specificity. The following results support the specificity of the reagents. First, for Rap1, we observed the same phenotypes whether we inhibited Rap1 with Rap1GAP or Rap1 17N , or knocked down Rap1A and Rap1B with shRNA. Moreover, Rap1A 63E rescued the migration block caused by Rap1GAP, Rap1 17N or Reelin inhibition but not the block by Lis1 shRNA or Rac1 inhibition. Next, for NCad, another group found that NCad shRNA caused migration arrest in the intermediate zone 41 , resembling the arrest we detected using NCad DN . Moreover, wildtype NCad rescued neurons in which Rap1 signaling was inhibited. Finally, for Reelin signaling, recent studies support our finding that neurons are delayed in the intermediate zone when Reelin signaling is absent 32, 33 .
The proposed role for NCad in orienting multipolar cells is remi niscent of the role of ECad in setting up apicalbasolateral polarity during the mesenchymalepithelial transition 10 . When migrating mesenchymal cells first touch, ECad forms transdimers and gener ates signals that recruit the actin cytoskeleton and focus active ECad into the junctional region 10 . Transinteracting ECad, or other cell surface receptors such as nectins, locally activate Rap1 and create a positive feedback loop that routes more ECad to the junctions, sta bilizes the junctions and interacts with other receptors and signaling molecules that maintain cell polarity. By analogy, we speculate that NCad on multipolar cells may sense directional cues in the envi ronment by forming transdimers with NCad or other cadherins expressed on radially oriented processes from other neurons or radial glia. However, it is also possible that NCad may interact with other cellsurface receptors that respond to directional signals from the cortical plate.
A positive role for NCad in migration is unexpected. In general, cadherins are downregulated before cell migration 13, 42 . Indeed, NCad is downregulated when neurons leave the ventricular zone 43 . However, there are a few examples in which cadherins are required for cell migration. In some cases, cadherins may provide traction forces between moving and stationary cells, and in other cases they con nect groups of cells undergoing collective migration 20, 21, 44 . During the group migration of Drosophila border cells, DECad is required on the border cells as well as the cells they migrate through, and DECad is needed for the first cell of the group to extend a leading process along a growth factor gradient 45 . Exactly how this happens is unclear. However, it is possible that surface NCad on multipolar neurons allows them to sense a chemoattractant. It will be interesting to dissect downstream signaling mechanisms from NCad that orient multipolar cell migration in the mammalian neocortex.
While this paper was under review, Reelin, Rap1 and cadherins were reported to regulate the somal translocation of earlyborn corti cal neurons 46 . Apparently, cadherins stabilize the leading process in the marginal zone. With our results, this indicates that Reelin, Rap1 and cadherins are likely to mediate two key events during cortical development: gliaindependent somal translocation of earlyborn neurons and radial migration of multipolar lateborn neurons.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
